A simulation model was built to represent the kinetics of endogenous-protein nitrogen (EPN) in the gastrointestinal tract (GIT) of ruminants. The GIT is split into three compartments, namely: stomach, small intestine and large intestine. The model contains three pools corresponding to these compartments and utilizes two types of source (secretions and inflow) and exit (absorption and passage) for EPN. Parameter values are set based on relevant data from the literature. According to model predictions, proportion of EPN in the total N flow increases as CP content of the diet and nitrogen intake decrease. On extremely low protein diets, EPN may represent 43, 66 and 92% of the total N in the abomasal, ileal and faecal contents, respectively. The model can contribute to improve knowledge on nitrogen recycling as well as to account for endogenous protein losses in the calculation of maintenance requirements.
INTRODUCTION
Endogenous proteins produced along the digestive tract of ruminants are important sources of nitrogen recycling and contribute significantly to the duodenal and ileal non-ammonia nitrogen (NAN) flows (MacRae et al., 1979; van Bruchem et al., 1985a van Bruchem et al., ,1989 . In a recent review, Tamminga et al. (1995) discussed the consequences for protein deposition and N losses to the environment. In some cases, endogenous protein N absorbed from the small intestine may be up to four times the amount of digesta N flowing from the abomasum . Although some attempts have been made to quantify endogenous protein nitrogen (EPN) sources (e.g., 0rskov et al., 1986; Hart and Leibholz, 1990; Voigt et al., 1994) , the majority of digestion and metabolism studies do not account for all sorts of EPN in the whole alimentary tract of ruminants, and their consequences in the current feeding systems. According to Satter and Dhiman (1995) , most of the discrepancy between the American (NRC, 1989) and British (AFRC, 1992) protein systems for dairy cows is related to the maintenance requirements, especially in the estimates of endogenous protein losses.
The objectives of the present study are to represent, by means of a mathematical model, flows of endogenous protein through the ruminant alimentary tract, and to assess their implications to the protein nutrition of dairy cows.
MATERIAL AND METHODS

Background of the model
In ruminants, recycling of N can occur through the following processes: (i) intra-and inter-cellular cycling, with reutilization of amino acids in the cells; (ii) urea cycling, with end products of amino and nucleic acid catabolism reentering the GIT via saliva or diffusion through the gut wall; and (iii) protein cycling, with amino acids and proteins in secretions and sloughed epithelial cells from the GIT being digested, absorbed and reutilized ). The present model deals only with this last source of N recycling.
Studies have indicated that EPN entering the reticulo-rumen contributes to the peptides, amino acids, and ammonia drawn on by microorganisms (Egan et al., 1986) , but some escape microbial degradation and flow on in the digesta. Thus, EPN entering the abomasum and the small intestine in the digesta and also in secretions and cell debris will contribute to amino acid absorption. In the large intestine, a fraction of EPN is incorporated into caecal bacteria and another fraction will be lost as endogenous faecal N (EFN) with absorption of some ammonia (Swanson, 1982) .
The nutritional significance of EPN changes with the rate and site of secretions and the amount of exogenous protein supply, but quantitative measurements have always presented difficulties (Tamminga et al., 1995) . Kennedy and Milligan (1980) have estimated EPN inputs into the forestomach and abomasum of sheep at 8.1 to 10.8 g/d, or 400 to 540 mg/kg of metabolic weight (W°7 5 ). The larger values at the higher level of feed intake are consistent with increased abrasion and sloughing of ruminal epithelium. Flow of EPN to the abomasum was about 5 g/kg dry matter intake (DMI) of which 1 g was from saliva, 1 g from gastric secretions and the remainder due to the sloughing of ruminal epithelium . Hart and Leibholz (1990) have reported values for cattle from 3.3 to 9.4g EPN/kg DMI flowing into the abomasum.
At the intestinal level, there is evidence that fibre increases mucosal cell losses and secretion of enzymes and mucoproteins (Zebrowska and Kowalczyk, 1991) . This is consistent with previous findings that the non-protein dry matter flow may determine the release of EPN through the small intestine (van Bruchem et al., 1989) , with endogenous sources contributing up to 65% of ileal protein flow (van Bruchem et al., 1985a) . Other studies have shown that the large intestinal wall adds N to digesta in the form of mucins and sloughed epithelial cells, and that faecal excretion of these constituents was stimulated by high-fibre diets (Mason, 1984) . Furthermore, N additions between the ileum and rectum were reported to originate partially from microbial incorporation of ammonia derived from EPN, which is mostly excreted as EFN (Dixon and Nolan, 1983) .
Structure of the model
In the present study, EPN kinetics is represented by a dynamic, compartmental model (Figure 1 ), which has been already described briefly by Assis et al. (1993) . In this model, for reasons of simplicity and of lack of quantitative data, the GIT is split into three compartments, namely: stomach -comprising rumen, reticulum, omasum and abomasum; small intestine -duodenum, jejunum and ileum; and large intestine -caecum, colon and rectum. For the same reasons, secretions and cell debris are assumed to be directly related to the level of DMI, likely the most preponderant factor affecting production of EPN in the gut Swanson, 1982; Hart and Leibholz, 1990) . In each compartment, a fraction of EPN is subject to degradation and absorption while another fraction flows out into the next compartment. In the stomach, ammonia originating from ruminal degradation of endogenous protein will become part of the ammonia pool, which will be either incorporated into microbial protein or absorbed through the ruminal wall. In the small intestine, a fraction of EPN is digested and absorbed as amino acids and the remainder enters the large intestine. In this final compartment, some EPN is degraded by caecal bacteria; the released ammonia is absorbed and the undigested fraction of EPN excreted as EFN. The model contains three pools (state variables) for the accumulation of EPN, which correspond to the three compartments: stomach (Q,, mg N), small intestines (Q 2 , mg N), and large intestines (Q 3 , mg N). All fluxes in the model are in units mg N/h. The stomach EPN has one input (F 10 ), the secretions plus cell debris. Outputs from the pool are the degradation and absorption of EPN (F 01 ) and the passage of EPN (F 21 ). The small intestinal EPN has inputs from the stomach (F 21 ) and the secretions plus cell debris (F 20 ) . Outputs from the pool are the degradation and absorption of EPN (F 02 ) and the passage of EPN (F 32 ). Similarly, the large intestinal EPN has inputs from the small intestines (F 32 ) and the secretions plus cell debris (F 30 ), and outputs from the pool are the degradation and absorption of EPN (F 03 ) and the passage of EPN into the faeces (F D ). The change of state variable with time is described by the differential equations:
dQ, = F 10 -F 01 -F 21 (1) dQ 2 = F 20 + F 2I -F 02 -F 32 (2) dQ 3 = F 30 + F 32 -F 02 -Fn (3) General equations used for calculating flows of EPN through the alimentary tract are based on principles of first order kinetics and mass conservation as follows:
Fj, = k pi Q, (4) for passage from pool i into pool j and k^ is fractional passage rate (h"'), and
for degradation and absorption within stomach (i = 1) and large intestines (i = 3), C M is the microbial concentration (mg N/100 ml) and k di is fractional degradation and absorption rate (h _1 ), and
for degradation and absorption within the small intestines (i = 2), and F io = P;DMI (7) for secretions plus cell debris to pool t , P, is the EPN per unit DMI (mg N/g DMI).
The computer program is written in Continuous Simulation Modeling Program -CSMP (IBM 1975) , using a PC version adapted by Jansen et al. (1988) . Each pool is updated every 0.01 h by the Adams method of integration.
Parameter values
All values for model parameters were taken or derived from literature data. Rate of EPN secretions and cell debris for the stomach is an average figure from sheep data Egan et al., 1986) ; for the small intestine it is a mean value from cattle and sheep (Swanson, 1982; Żebrowska and Kowalczyk, 1991) ; and for the large intestine it is from sheep . A series of calculations had to be undertaken to estimate the k di ; of each pool i. In this calculation, first order kinetics and steady state were assumed so that the amount of EPN entering each pool is equal to the amount absorbed across the compartment wall plus the amount flowing out into the next pool. Information on daily secretions and flows of EPN for the stomach and large intestine were taken from the literature Kennedy and Milligan, 1980; Egan et al., 1986; Hart and Leibholz, 1990 ) and converted to a body-weight unit (mg EPN/kg W 0 75 ). Values of EPN flow for the small intestine were based on the extent of EPN degradation in this site, which can be considered similar to that of microbial protein (Zebrowska and Kowalczyk, 1991) , and assumed equal to 0.80. Fractional degradation rate of EPN in LI 57x10-" 100 ml/ mg N/h 8 c Microbial concentration in the caecum 12x10"' mg N/100 ml 9 a The size of EPN pools was calculated using equation 4, with flow data from the quoted sources, and passage rates of digesta from O'Connor et al. (1984) . The calculated values of pool sizes and the daily amounts of the degraded fraction of EPN were used in equations 5 and 6 to estimate the rate of degradation and absorption of EPN for each digestion site. In equation 5, C M was held constant at 290 and 120 mg N/100 ml of ruminal and caecal contents, respectively Nolan, 1982, 1983; Van Soest, 1994) . The secretion and cell debris is expressed in mg N/kg DMI. Thus, DMI is the main driving variable and the only external input to the model. The values of the main parameters, shown in Table 1 , were held constant for testing model behaviour.
Test of the model
Due to the lack of independent data on EPN flows through the GIT of ruminants, predictive performance of the model could not be evaluated. Nevertheless, in order to test the model for consistency, predictions of EPN flows, expressed in mg N/kgW 0,75 , were compared, on the same basis, to data of total N flows reported in the literature for the three sites of the GIT. Sets of N flow data were taken from digestion trials using diets with low-, medium-or high-protein contents. These trials were carried out with fistulated steers fed diets based on either fresh chopped sugarcane (Oliveira, 1990; Matos, 1991) or lucerne hay plus maize silage (Cecava et al., 1990) . Crude protein contents of sugar cane diets were increased by adding urea up to 1.5% on a fresh weight basis.
Because little information on microbial concentration is available for ruminants fed different types of diet, CM in stomach and large intestine was held constant as previously described. However, in order to analyse the relevance of their accuracy to model performance, a sensitivity test was carried out, varying both constants by +25% on all treatments.
RESULTS
The model was not sensitive to changes in the parameter values describing microbial concentration C M in the stomach and the large intestine. EPN predictions showed only a marginal variation (3 to 7%) when parameter values departed from the prescribed values (290 and 120 mg N/100 ml) by +25%. Therefore, predicted values for EPN flows in Table 2 are the result of simulations with the values listed in Table 1 .
In order to compare model predictions with literature data, all predicted and reported values were converted to a metabolic weight (W°7 5 ) basis. Mean values of DMI from the digestion trials (Table 2) (Table 2) increased from 84 to 210 mg N/(kgW° 75 /d) with an increase of dietary CP content from 18 to 159 g/kg DM. Conversely, proportion of EPN in the total N flow at this site decreased markedly at the highest level of CP in the diet.
In the present study, excretion of endogenous N via faeces is treated as flow of EPN at the rectum, or EFN. Rectal EPN flows (Table 2) varied from 122 to 303 mg N/(kg W 075 /d) as CP content of the diet increased up to 159 g/kg DM, but its proportion to the total faecal N reduced markedly. Oliveira (1990) , respectively
' mean values from treatments 1 and 2 of Matos (1991) mean values from treatments 3 and 4 of Matos (1991) and treatment D of Oliveira (1990) 1 mean values from both treatments of Cecava et al. (1990) from treatment D of Oliveira (1990) 
DISCUSSION
The model performance was evaluated only partially, because of lack of independent information on endogenous protein losses in the literature, especially for cattle. However, further tests could be done as soon as adequate experimental data become available. Keeping these restrictions in mind, the model behaviour seems to be satisfactory within the typical range of dietary conditions used in the present test.
In general, proportion of endogenous-protein N in the total N flow at all sites decreased as CP content of the diet and N intake increased. At the abomasum, this proportion decreased from 43 to 14% as protein content of the diet increased from 18 to 159 g/kg DM. Daily flows of EPN at this site varied from 141 to 351 mg N/(kg W 0 75 /d), a range below that reported by Hart and Leibholz (1990) for steers (i.e., 243 to 415 mg/kg W 0 75 /d) fed different amounts of low-degradable N diets and subjected to infusion of 15 N. However, these values are still higher when compared to the range from 30 to 87 mg N observed by Orskov et al. (1986) , using intragastric nutrition with VFA infused into the rumen of fistulated steers. Probably, this difference is due to the different techniques used in these studies. With a lack of solid food in the intragastric nutrition technique, EPN originating from sloughing of ruminally epithelial cells is reduced leading to an underestimation of EPN flows in fed animals.
At the ileum, the proportion of EPN in the total N flow decreased linearly from 66 to 26% (Table 2) (Salter and Smith, 1977; Tas et al., 1981; van Bruchem et al., 1985b van Bruchem et al., , 1989 Valadares Filho et al., 1990) , for sheep and cattle using different techniques.
The proportion of EPN in the total N flow at the rectum decreased from 92 to 40% as CP content of the diet varied from 18 to 159 g/kg DM ( (Anderson and Lamb, 1967; Hogan and Weston, 1968; Mason, 1969 Mason, , 1981 Brun-Bellut et al, 1987; Giger-Reverdin et al., 1991) . Proportion of EPN in the total N flow at this site was consistently greater than those at the other sites, at all levels of dietary CP. This is the result of a lack of degradation and absorption in previous compartments, as well as of an extensive incorporation of EPN by caecal bacteria and their subsequent excretion in the faeces.
The significance of endogenous proteins as important sources of N recycling can be illustrated as follows. A typical Holstein-Friesian x Zebu dairy cow (500 kg live weight producing 10 kg/d of fat-corrected milk (FCM)) requires a total of 202 g N/d (NRC, 1989) . According to the model, and using an average diet for dairy cows with 160 g CP/kg DM, 37 g EPN/d would be available for absorption in the small intestine. This represents almost 20% of the total N required by this cow and may supply N for 2.6 kg of milk, that is, 25% of the cow's production. On the other hand, a typical Holstein-Friesian cow (650 kg live weight and FCM production of 25 kg/d) requires 428 g N/d and would have 45 g EPN/d available in the small intestine. This corresponds to only 10% of the total N requirement and may supply N for 13% of the cow's milk production. Therefore, endogenous-protein sources appear more significant for milk production when a dairy cow of low-to medium-genetic merit is submitted to a low-N diet, a very common situation in most developing countries and tropical environments. On an extremely low-protein diet (i.e., less than 20 g CP/kg DM), endogenous sources may represent nearly 43, 66 and 92% of the N in the abomasal, ileal and faecal contents (Table 2) , respectively. However, sheep fed good quality diets based on ingredients obtained from plants grown under temperate climatic conditions showed higher EPN losses than did diets based on poor quality crop residues (Tamminga et al., 1995) . The present model does not include such a compensation in EPN secretion in relation to diet quality and the high predicted figures for low-protein diets may be overestimated.
Another implication of EPN estimates to the protein nutrition is quoted by Satter and Dhiman (1995) when compared the American (NRC, 1989) and the British (AFRC, 1992) standard feeding systems for a high yielding dairy cow. They assumed a typical diet for a non-pregnant 600-kg cow gaining 0.33 kg weight/d, producing milk with 40 g butterfat and 32g protein per kg, and consuming a daily ration of 18 kg DM. Predictions of actual milk yield based on energy calculation were nearly 26 kg milk/day in both systems. However, when predictions were based on protein calculation milk yields were 29 and 19 kg/day with AFRC and NRC systems, respectively. According to the authors, the reason for this large discrepance is that the NRC has a much higher protein allowance for maintenance. Considering metabolic faecal N as part of the protein requirement, the NRC system assumes this requirement to equal 90 g absorbed protein per kg indigestible dry matter in the faeces, which results in a larger amount of N being discounted from the dietary protein, remaining less protein for milk production. Dijkstra et al. (1996) have developed a simulation model for digestion kinetics in cattle fed sugar cane diets. However, the model was unable to accurately predict duodenal N flow. As stated by the authors, this may indicate the need for accommodating EPN sources in the model. Based on data in the literature, the present model seems to be able to estimate EPN flows at different sites of the GIT and can be used as a submodel for a more comprehensive mathematical model of nutrient kinetics in ruminants, such as that described by Neal et al. (1993) and Dijkstra et al. (1996) . Additionally, the model itself may be used to increase knowledge on N recycling as well as to improve estimation of maintenance requirement and of true digestibility of feed protein. In this context, further refinements of critical parameters may be necessary, especially in relation to the rate of EPN secretions and sloughing of the gut epithelial cells. In the current version, the model considers the secretion rate based only on DMI, and improvements can be made by including factors related to diet quality, such as: non-protein digestible dry matter or degradable fibre contents (Mason, 1984; van Bruchem et al., 1989; Zebrowska and Kowalczyk, 1991; Tamminga et al., 1995) . Furthermore, understanding the total production of EPN and its subsequent re-absorption will need detailed information on several types of endogenous protein, such as, enzymes, bile salts, mucus, and sloughed epithelial cells, which may differ largely in terms of degradation and passage.
Implicatons
This study indicates that endogenous proteins may account for up to 43% of the duodenal NAN flow and, in many cases, these sources should play a significant role in the animal protein nutrition. The model itself can contribute to improved understanding of N recycling and endogenous protein losses, and thus, to assess maintenance requirements and digestibility of feed proteins more accurately. Further improvements in the model may be necessary, but these refinements will be possible only when some critical experimental data become available.
